Objective. The use of some antiretroviral drugs has been associated with a higher risk of diabetes mellitus (DM) in HIV-infected patients, but the risk associated with antiretroviral drug combinations remains unclear. We investigated the association between first-line antiretroviral therapy (ART) regimens, recommended by the World Health Organization (WHO) in 2016, and the risk of DM in adults.
INTRODUCTION
The burden of diabetes is rising especially in low and middleincome countries [1] . In 2017, the International Diabetes Federation estimated that 425 million people worldwide, or 8.8% of adults aged 20-79 years (8.3% in Thailand), were affected by diabetes, of whom half were unaware of their disease [2] . Known risk factors of Type 2 diabetes mellitus (DM) include age, male sex, family history of diabetes, alcohol use, adiposity, and hyperlipidemia [3] . Several studies have suggested that virological, immunological, or clinical failure, as well as antiretroviral (ARV) drug use, may increase the risk of DM in HIV-infected adults [4] [5] [6] .
The Thailand National AIDS Program (NAP), under the National Health Security Office (NHSO), has provided free health services and antiretroviral therapy (ART) for HIVinfected patients since 2004. Three studies in Thailand have reported high DM incidence rates of 5.0 to 11.0 per 1000 person-years of follow-up (PYFU) in HIV-infected patients on ART [7] [8] [9] . Individual ARV drugs, such as stavudine and didanosine, have been associated with a higher risk of DM in HIVinfected patients, but the risk of DM associated with currently recommended ARV drug combinations remains unclear [5, 7, [9] [10] [11] [12] . Thus, we investigated the risk of DM based on nationwide data and its association with first-line ART regimens currently recommended by the World Health Organization (WHO) and the Thai Ministry of Public Health.
METHODS
This was an analysis based on the data collected within the national cohort of HIV-infected adults (≥18 years old), who started ART in the NAP within the Universal Health Coverage (UHC) scheme between fiscal year (FY) 2006 and FY2013 (ie, from October 1, 2005 to September 30, 2013) . We censored data after the end of FY2014. We restricted our analysis to patients receiving 1 of the 6 first-line combinations currently recommended by either the WHO 2016 Consolidated guidelines on the use of antiretroviral drugs for treating and preventing HIV infection [13] or by the Thailand National Guideline on HIV/AIDS Treatment and Prevention 2017 [14] : (1) zidovudi ne+lamivudine+nevirapine; (2) tenofovir disoproxil fumarate (TDF)+lamivudine+nevirapine; (3) zidovudine+lamivudine+ efavirenz; (4) TDF+lamivudine/emtricitabine+efavirenz; (5) zidovudine+lamivudine+ritonavir-boosted lopinavir (LPV/r); or (6) TDF+lamivudine+LPV/r.
We used the following patient characteristics from the NHSO patient database: sex; age; body mass index (BMI); history of comorbidity (pancreas disease, hepatitis B and hepatitis C infection); fasting plasma glucose (FPG); triglycerides, total cholesterol and absolute CD4 cell count at the time of ART initiation (baseline); and time-updated triglycerides, total cholesterol, absolute CD4 cell count, and HIV-1 RNA viral load during follow-up (HIV-1 RNA viral load was not routinely measured at baseline in this program). Evidence of DM diagnosis was defined by at least 2 of the following records: FPG ≥126 mg/dl following the 2013 American Diabetes Association criteria [15] , the 2010 WHO International Classification of Diseases (ICD-10) criteria codes E11-E14 (excluding Type-1 DM) [16] , or prescription of antidiabetic drugs [15] . DM diagnosis date was defined as the first date of those records. Hyperlipidemia was defined as either total cholesterol ≥ 240 mg/dl or triglycerides ≥ 200 mg/dl [3] . Pancreas disease (codes C25, K85-K86, D017, D136, D137, K871, Q450, Q451, Q452, and Q453), hepatitis B (codes B16, B170, B180, and B181), and hepatitis C (codes B171 and B182) were identified based on the 2010 WHO ICD-10 [16] .
The number of person-years of follow-up (PYFU) was calculated from the date of ART initiation (baseline) to censoring date (ie, date of switching to second-line ART regimen), date of loss to follow-up (7 months after last visit date), or September 30, 2014, whichever occurred first. For descriptive purposes, the overall DM incidence rate was estimated by the number of new diagnoses divided by the total number of PYFU, and the 95% confidence interval (95% CI) was calculated using the quadratic approximation to the Poisson distribution [17] .
Study population characteristics were presented as medians and interquartile ranges (IQR) for continuous variables and as counts and percentages for categorical variables. The following factors were analyzed: sex; baseline age (18-34, 35-44, 45-59 or ≥60 years [18] ); BMI using the Asia-Pacific classification (<18.5, 18.5-22.9, 23.0-24.9 or ≥25 kg/m 2 [19] ); history of comorbidities (yes or no); baseline and time-updated hyperlipidemia (yes or no) and absolute CD4 cell count (≤200 or >200 cells/mm 3 ); and time-updated HIV-1 RNA viral load (<1000 or ≥1000 copies/mL) [3, 18] .
We estimated the cumulative incidence of DM and corresponding 95% CI [20] using a cumulative incidence function accounting for deaths without DM diagnosis as competing events [17] . We analyzed the association between first-line ART regimens and the risk of DM using Fine and Gray's competing risks regression [21] [22] [23] . We conducted multivariable analyses using a backward elimination approach, starting with factors associated with DM occurrence in the univariable analysis (P value ≤ . 20) . P values were derived from the Huber-White (robust) sandwich estimator of the variance [24] .
We imputed missing time-updated absolute CD4 values (the only variable with < 20% missing data) by multiple imputation with chained equations (MICE; StataCorp, College Station, TX) based on logistic regression [25] . Variables with ≥ 20% missing values (ie, baseline BMI, baseline and time-updated hyperlipidemia, baseline CD4 cell count and time-updated HIV-1 RNA viral load) were excluded from the main analysis, but they were included without imputation in sensitivity analyses comparing results of the final multivariable model when including or excluding each of these variables.
To minimize the possible bias effect of the choice of first-line ART regimen by the physician, all models were stratified by groups defined by a score summarizing the propensity to receive a specific first-line ART regimen. This score was generated using multinomial (polytomous) logistic regression adjusting for FY of ART initiation, sex, age group, and history of hepatitis infection or pancreas disease at baseline (Supplementary Figure 1 ) [26] .
Analyses were performed using Stata software, version 15.1 (StataCorp, College Station, TX). NHSO authorized the use of anonymized records. The study plan was approved by the Ethical Committee of the Faculty of Medicine, Chiang Mai University, Thailand, on March 18, 2014 (114/2014, Research ID: COM-2557-02140). 1.5% hepatitis C infection. All patients received 1 of the following first-line ART regimens: 40.4% zidovudine+lamivudi ne+nevirapine, 2.8% TDF+lamivudine+nevirapine, 20.7% zid ovudine+lamivudine+efavirenz, 21.7% TDF +lamivudine/ emtricitabine+efavirenz, 13.0% zidovudine+lamivudine+ LPV/r, and 1.4% TDF+lamivudine+ LPV/r (Table 1) . Of note, the baseline median CD4 cell count in the group of patients on AZT+3TC+LPV/r was higher than in the other groups, because it included 57.0% of women starting ART during pregnancy at any level of CD4.
RESULTS

Study Population
Antiretroviral Regimens During Pregnancy
Of the 18 182 women in this cohort, 4680 ( 
Patient Follow-Up
There was a total of 84 238 PYFU on first-line ART regimen (median duration of follow-up 2.0 years; IQR, 1.1-3.3). Over the study period, 1006 (2.8%) were diagnosed with DM. A total of 5173 (14.5%) were censored: 4291 (12.0%) of patients were lost to follow-up and 882 (2.5%) switched to second-line ART regimen. A total of 2197 (6.2%) died without DM diagnosis ( Figure 1 ). In terms of documentation of the DM onset, 360 (35.8%) had records of ICD-10 diagnosis of DM and antidiabetic drug prescription and elevated FPG, 368 (36.6%) had only ICD-10 diagnosis of DM and antidiabetic drug prescription, and 278 (27.6%) had only elevated FPG.
The estimated overall DM incidence rate was 11.9 per 1000 PYFU (95% CI, 11.2-12.7), ranging from 6.3 per 1000 PYFU (95% CI, 4.7-8.4) for zidovudine+lamivudine+LPV/r to 22.3 per 1000 PYFU (95% CI, 15.8-31.6) for TDF+lamivudine+LPV/r (Supplementary Table 1 ).
The estimated cumulative incidence of DM (accounting for deaths without DM diagnosis as competing events) was 2.2% (95% CI, 2.1%-2.4%) at 2 years after ART initiation ( Figure 2 ).
Association Between the Use of Some Antiretroviral Regimens and Risk of Diabetes Mellitus
In the univariable analyses, male sex, older age at baseline, higher BMI at baseline, history of pancreas disease at baseline, and time-updated hyperlipidemia were associated with an increased risk of DM diagnosis (all P ≤ .05, see Table 2 ). In the multivariable analysis adjusting for sex, age, history of pancreas disease at baseline, previous FPG measurement, and propensity score stratification, where zidovudine+la mivudine+nevirapine was the reference regimen, the following 3 regimens were associated with a higher risk of DM: (1) TDF+lamivudine/emtricitabine+efavirenz (adjusted sub-distribution hazard ratio [aSHR], 1.6; 95% CI, 1.3-1.9), zidovudine+lamivudine+efavirenz (aSHR, 2.0; 95% CI, 1.7-2.3), and TDF+lamivudine+LPV/r (aSHR, 2.7; 95% CI, 1.9-3.9).
Sensitivity Analyses
We ran the analyses using the same multivariable model, but we included variables for which the percentage of missing data was ≥ 20%: baseline BMI, absolute CD4 cell count and hyperlipidemia, and 2 time-updated variables that were not consistently recorded (time-updated hyperlipidemia and time-updated HIV-1 viral load). Our conclusions were not modified when the analyses included these variables. (Supplementary Table 2 ).
DISCUSSION
The overall incidence rate of DM was 11.9 per 1000 PYFU (95% CI, 11.2-12.7). Efavirenz and LPV/r-containing ART regimens (except zidovudine+lamivudine+LPV/r) were associated with a higher risk of DM than zidovudine+lamivudine+nevirapine.
In univariable analyses, male sex, older age ≥35 years old, obesity, hyperlipidemia, and a history of hypertension and pancreas disease were associated with a higher risk of DM. This observation is consistent with previous reports [5, [9] [10] [11] [12] 27] .
The incidence of DM in HIV-infected adults aged 35 to 59 years in our study was 14.1 per 1000 PYFU (95% CI, 13.2-15.1), higher than that reported in the Thai general adult population (7.8-11.4 per 1000 PYFU) [28, 29] , suggesting a contribution of HIV disease or ARV drug use, or both, on the risk of DM. However, there was no report on the incidence DM in general Thai adult population during the period of the study.
The DM incidence was higher than that found in the Data Collection on Adverse Events of Anti-HIV Drugs (D:A:D) study (4.2 per 1000 PYFU) [30] , the SWISS HIV cohort (4.4 per 1000 PYFU) [31] and the Program for HIV Prevention and Treatment cohort study in Thailand (5.0 per 1000 PYFU) [7] . However, it was lower than that observed in studies from the US Multicenter AIDS Cohort (47 per 1000 PYFU) [32] and the US Women's Interagency HIV Study (25-28.9 per 1000 PYFU) [33] . It was similar to that found in the French APROCO-COPILOTE cohort (14.1 per 1000 PYFU) [6] , a case-control cohort from Taiwan (13.1 per 1000 PYFU) [34] , and a recent meta-analysis study (pooled incidence rate of 13.7 per 1000 PYFU) [35] . The patients in our study received only currently recommended first-line ART regimens, which may have explained differences in the incidence rate of DM. Other differences in the risk of DM between the studies may include host genetics, proportion of males:females, age, BMI, stage of HIV disease, nutritional and behavioral factors, coinfections, comorbidity, and ART adherence [3] [4] [5] [6] 15] . Table 1 Patients receiving efavirenz-containing regimens or LPV/rcontaining regimens had a higher risk of DM compared to those receiving zidovudine+lamivudine+nevirapine. Of note, zidovudine+lamivudine+ LPV/r was not associated with a higher risk of DM, most likely because participants receiving this regimen were primarily young women.
. Baseline Characteristics of HIV-Infected Adults Who Received Recommended First-Line Antiretroviral Therapy Regimens
We found that ART containing efavirenz increased the risk of developing DM compared to those containing nevirapine. Similar findings were observed in a large multi-country cohort in Africa [12] .
A strength of our study was that the analysis of the association between first-line regimens and the risk of DM was performed on a large, nationwide dataset. Another strength was that we used death as a competing event of DM diagnosis, missing data imputation, and propensity scores in order to use as accurate models as possible.
A limitation of our study is that the NAP database, primarily designed for overall monitoring of the program, has missing data or some possibly associated with other outcomes, such as BMI or lipid plasma concentration. However, the NAP database represents a unique source of information that likely reflects the Also, the lack of systematic FPG assessments in some patients may have led to an underestimation of DM incidence, even though some diagnoses were made because of diabetes-related complications (16.6% of diabetic patients) [8] .
In summary, several of the ART regimens recommended by WHO, particularly tenofovir+lamivudine+LPV/r and regimens containing efavirenz, may be associated with an increased risk of DM. All patients who receive these regimens need to be closely monitored for DM. c Adjusted for previous fasting plasma glucose measurement and propensity score stratification.
